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Abstract 
This paper describes results of experimental and numerical investigations about the structural 
behaviour of composite beams made of annealed glass panes and GFRP pultruded profiles. A 
brief description of flexural tests previously carried out on glass and glass-GFRP composite 
beams is first presented. The second part of this paper describes the numerical simulation of a 
rectangular glass-GFRP composite beam. Two-dimensional finite element (FE) models of 
rectangular composite beams were developed in order to simulate and analyse their 
serviceability behaviour (prior to glass breakage) as well as their post-cracking behaviour until 
failure. To this end, a multi-fixed smeared crack model was used, and the effects of the 
following parameters were evaluated: (i) fracture energy of glass and (ii) shear retention factor. 
Experimental and numerical results are compared regarding the cracking load and post-cracking 
behaviour, namely in terms of crack pattern and load-deflection response. 
Keywords: Adhesive bonding; Composite beams; Glass; GFRP; Numerical simulation; 
Parametric study; Smeared crack models. 
 
1. Introduction 
In recent years there has been an increasing number of applications of glass in civil 
engineering structural elements, such as roofs, floors, beams and columns [1]. Such interest 
stems basically from the aesthetical possibilities of glass combined with its transparency. 
However, structural elements made of float glass present several limitations, including 
relatively low tensile strength and brittle behaviour, which contrasts with the current design 
philosophies associated with more conventional materials, such as steel and reinforced 
concrete, for which ductility of structural members must be guaranteed. 
The traditional alternatives to overcome the above mentioned limitations of float glass consist 
of using either toughened glass or laminated glass [2]. Toughened glass presents higher tensile 
strength compared with float glass, however it still exhibits a fully brittle behaviour at failure. 
On the contrary, laminated glass is capable of displaying a pseudo-ductile and redundant 
behaviour – if one of its glass panes cracks or breaks, polyvinyl butyral (PVB) films not only 
keep them in place but also transfer the tensile stresses to the other panes. 
More recently, a different approach has been pursued by several authors (e.g. [3-5]), which 
consists of joining glass panes to other structural materials, namely stainless steel, carbon fibre 
reinforced polymer (CFRP) laminates, concrete, wood and steel. The underlying principle of 
those composite members is similar to that of reinforced concrete and relies on the stress transfer 
between the glass pane and the strengthening material when the tensile stress of glass is attained. 
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Some studies have already addressed the numerical modelling of composite beams made of glass 
and different strengthening materials. Owing to the brittle material behaviour of glass, in order to 
avoid convergence problems, different simulation strategies have been used to handle glass 
cracking, including sequentially linear analysis (SLA) [4] and element “killing” [5]. In the former 
study, smeared crack models were used and, in order to avoid possible convergence problems 
stemming from the negative tangent stiffness of the softening law, the following two strategies 
were adopted: (i) incremental-iterative analysis was replaced by a series of scaled linear analyses; 
and (ii) the stress-strain softening law of glass was replaced by a “saw-tooth” reduction curve. 
Test data on stainless steel strengthened glass beams compared well with those obtained from 
numerical simulation and the effects of the following parameters were analysed: reduction steps 
of the “saw-tooth” curve; shear retention factor; and mesh size. In the later study, glass cracking 
was modeled by defining a failure criterion based on maximum principal strain which, when 
attained, causes a significant reduction of the material elasticity modulus. 
This paper first describes the main results of an experimental programme about the structural 
behaviour of composite beams made of annealed glass panes and glass fibre reinforced 
polymer (GFRP) pultruded laminates. In this experimental campaign, described in detail in 
[6,7], flexural tests were carried out on glass and glass-GFRP composite beams, in which the 
effects of the geometry of the GFRP strengthening elements and the type of adhesive used to 
bond the strengthening elements to glass were investigated. The second part of this paper 
describes the numerical simulation of the beams tested. Two-dimensional finite element 
models were developed using FEMIX software [8], in order to simulate and analyse the 
serviceability behaviour of glass-GFRP composite beams (prior to glass breakage), as well as 
their post-cracking behaviour. A multi-fixed smeared crack model, available in FEMIX 
computer program, was used. For both investigations, numerical and experimental results are 
presented only for beams in which the strengthening material was bonded to the glass beam 
with an epoxy adhesive. This is related with the fact that, for now, the numerical models 
formulated are not capable of simulating a general adhesively bonded joint. For the beams 
bonded with epoxy, experimental studies showed that such adhesive was able to provide a 
high level of interaction at the bonded interfaces even for high load levels, which allows 
assuming complete interaction between the two materials in the numerical models. 
Experimental and numerical results are compared in terms of initial stiffness, cracking load 
and crack pattern. 
2. Experimental investigations 
2.1 Structural concept  
A recent study carried out by the authors [6,7] showed the potential of using GFRP pultruded 
laminates bonded to the tensile edge of glass panes. This structural system, which resembles 
reinforced concrete, aims for highly redundant but transparent glass beams with increased 
post-cracking strength and ductility. Here, after glass breakage, the high strength and 
relatively low elasticity modulus of GFRP can be regarded as a relative advantage as it 
contributes to increase overall ductility when compared to other composite systems that have 
been suggested elsewhere. In the previous study conducted by the authors two structural 
systems, tested in bending in a simply supported configuration, were investigated: (i) beams 
with rectangular geometry, with a narrow GFRP laminate adhesively bonded to the bottom 
edge of the glass pane, acting as tensile reinforcement; and (ii) beams with wider GFRP 
laminates bonded to the top and bottom edges of a glass pane (web), acting as flanges of an I-
section. Two types of adhesives (a stiff epoxy and a soft polyurethane) were used to bond the 
members of the glass-GFRP composite sections. Fig. 1 illustrates both geometries of beams 
produced with the epoxy adhesive.  
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frame. A metal sphere was positioned between the hydraulic jack and a steel distribution beam 
to avoid any transverse loading. Two small rubbers were placed under the loaded sections in 
order to avoid direct glass-metal contact. All beam supports were materialized by means of 
80 mm long steel plates placed on top of steel rollers with a 50 mm diameter. In both beams, 
in order to prevent lateral deformation, four pairs of vertical metal guides were symmetrically 
positioned throughout the span - the outer pairs were placed at the support sections while the 
inner pairs were 0.725 m apart themselves (see Fig. 1). 
Load was measured using a Novatech load cell placed in-between the distribution beam and the 
hydraulic jack. Midspan deflections were measured with electrical TML displacement transducers, 
with strokes of 25 mm. On the composite beam, the axial strains throughout the depth of midspan 
section were measured with electrical TML strain gauges. All beams were monotonically loaded 
until failure under load control, at approximate speeds of 27 N/s and 10 N/s for the glass beams 
and the composite beam, respectively. The applied load, midspan deflection and axial strains were 
recorded in a PC, by means of an HBM data acquisition system at a speed of 1 Hz. 
2.4 Results and discussion 
Fig. 2 illustrates the load-midspan deflection curves of the tested beams (for glass beams, 
only one curve is plotted, which is representative of the remaining beams). 
As expected, annealed glass beams presented linear behaviour up to failure, which was sudden 
and fragile, due to the development of a single crack (generally at the central part of the beam) 
that caused their collapse. The average failure load was 3.7 kN and the average deflection at 
failure was 2.92 mm (about L/514, L being the span).  
The load-deflection behaviour of the glass-GFRP beam was clearly different from that of the 
glass beams, especially after the development of the first visible crack, and it can be divided in 
two distinct stages separated by the moment when the first visible crack appeared. The initial 
behaviour of the composite beam was linear, with a slightly higher stiffness than that of the 
glass beams (1.44 kN/mm and 1.41 kN/mm, respectively). For a load of 4.8 kN, which is 29.7% 
higher when compared with the reference glass beam, a sudden and significant load reduction 
occurred, which was caused by the appearance of the first visible cracks in the glass. Contrarily 
to what was visible in the glass beam, the appearance of the first cracks did not cause the total 
collapse of the beam, but only a sudden decrease in the value of the applied load. The above 
mentioned cracks presented a regular pattern, with an almost vertical orientation and with a 
uniform spacing, and were confined to the central part of the beam. In a second stage, the load-
deflection curve presents a set of linear segments, separated by smaller load decreases and with 
successive stiffness reductions associated to the development of the crack pattern. During this 
stage, the crack pattern is roughly similar to that exhibited by reinforced concrete beams: in the 
central part of the beam (with no shear force), the crack pattern kept its vertical orientation, 
while in the outer parts cracks started to incline towards the supports (see Fig. 3). Even after 
suffering successive load reductions, at the end of the tests the beam was still able to attain the 
maximum load reached in the first stage. The collapse of the composite beam was triggered by 
an almost horizontal shear crack in the glass pane, which was followed by the separation 
between the glass web and the GFRP laminate, next to one of the supports, for a midspan 
deflection of 13.8 mm (about L/109). 
Axial strains measured at different depths of the midspan section of the composite glass beam 
(for different load levels) showed that until glass cracking started the epoxy adhesive 
provided a complete interaction at the bonded interface. With the progressive development of 
cracks in the glass pane the axial strains in the GFRP strengthening element increased very 
significantly, showing that even for increasing load levels, the bonded connection was able to 
guarantee an adequate redistribution of stresses between the glass pane and the GFRP laminate. 
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4. Conclusions  
This paper presented results of experimental and numerical investigations on composite 
structural beams that combine annealed glass panes and GFRP pultruded profiles, the later 
being used as strengthening elements and bonded to the former with epoxy adhesive. The 
following main conclusions are drawn: 
• The main advantage of the composite beams proposed in this study is their post-cracking 
residual strength and ductility, and the experimental tests confirmed such better performance. 
• A numerical parametric study was performed with a multi-fixed smeared crack model that 
includes a linear tensile-softening law. The fracture energy and the shear retention factor 
were the main parameters analysed. 
• The model with the minimum fracture energy required to avoid the snap-back instability 
predicted with high accuracy the main aspects observed experimentally, such as the crack 
initiation, stiffness degradation, load carrying capacity and crack patterns. 
• According to the studies performed, the shear retention factor cannot be constant during 
the numerical test in order to include the shear degradation. 
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